Sulfur (S) deprivation responses have been studied extensively in algae and land plants; however, little is known of the signals that link perception of S status to chloroplast gene expression. Here, we have compared the chloroplast S limitation response in WT vs. sac1 and sac3 sulfur acclimation mutants of the green alga Chlamydomonas reinhardtii. We provide evidence that in the WT, chloroplast transcriptional activity rapidly decreases after removal of S from the medium, leading to reduced transcript accumulation. This decrease correlates with reduced abundance of a 70 -like factor, Sig1, which is most likely the unique chloroplast transcription specificity factor. We further show that reduced transcription activity and diminished Sig1 accumulation are mediated by the SAC3 gene product, a putative Snf1-type Ser͞Thr kinase previously shown to have both positive and negative effects on nuclear gene expression. Inclusion of the protein kinase inhibitor 6-dimethylaminopurine during S limitation yielded a pattern of expression that was largely similar to that seen in the sac3 mutant, lending support to the hypothesis that Sac3 kinase activation leads to transcriptional repression and Sig1 proteolysis. The finding that Sac3 regulates chloroplast gene expression suggests that it has a previously unknown role in integrating the S limitation response in multiple subcellular compartments. sigma factor ͉ dimethylaminopurine ͉ RNA polymerase S ulfur (S) is a required macronutrient; it is a constituent of proteins, lipids, electron transport components, and many cell metabolites (1, 2). Most photosynthetic organisms have the capacity to assimilate S as a sulfate anion (SO 4 2Ϫ ) and translocate it to the plastid, where primary S metabolism takes place. In chloroplasts, S is first activated by ATP sulfurylase to form APS (5Ј-adenylyl sulfate), which is a branch-point intermediate. APS can be phosphorylated by APS kinase, and the product can be used in sulfation reactions or to synthesize cysteine and methionine (1). Chloroplasts are thus crucial in the assimilation of S, because ATP and photosynthetic reductant are needed for the first activation and reduction steps.
Sulfur (S) deprivation responses have been studied extensively in algae and land plants; however, little is known of the signals that link perception of S status to chloroplast gene expression. Here, we have compared the chloroplast S limitation response in WT vs. sac1 and sac3 sulfur acclimation mutants of the green alga Chlamydomonas reinhardtii. We provide evidence that in the WT, chloroplast transcriptional activity rapidly decreases after removal of S from the medium, leading to reduced transcript accumulation. This decrease correlates with reduced abundance of a 70 -like factor, Sig1, which is most likely the unique chloroplast transcription specificity factor. We further show that reduced transcription activity and diminished Sig1 accumulation are mediated by the SAC3 gene product, a putative Snf1-type Ser͞Thr kinase previously shown to have both positive and negative effects on nuclear gene expression. Inclusion of the protein kinase inhibitor 6-dimethylaminopurine during S limitation yielded a pattern of expression that was largely similar to that seen in the sac3 mutant, lending support to the hypothesis that Sac3 kinase activation leads to transcriptional repression and Sig1 proteolysis. The finding that Sac3 regulates chloroplast gene expression suggests that it has a previously unknown role in integrating the S limitation response in multiple subcellular compartments.
sigma factor ͉ dimethylaminopurine ͉ RNA polymerase S ulfur (S) is a required macronutrient; it is a constituent of proteins, lipids, electron transport components, and many cell metabolites (1, 2) . Most photosynthetic organisms have the capacity to assimilate S as a sulfate anion (SO 4 2Ϫ ) and translocate it to the plastid, where primary S metabolism takes place. In chloroplasts, S is first activated by ATP sulfurylase to form APS (5Ј-adenylyl sulfate), which is a branch-point intermediate. APS can be phosphorylated by APS kinase, and the product can be used in sulfation reactions or to synthesize cysteine and methionine (1) . Chloroplasts are thus crucial in the assimilation of S, because ATP and photosynthetic reductant are needed for the first activation and reduction steps.
S insufficiency constitutes a serious stress situation for plants and algae, which respond with a series of metabolic adjustments (3, 4) . Studies of S deprivation in the green alga Chlamydomonas reinhardtii have shown that limiting S leads to altered photosynthetic performance, reduced levels of photosynthetic proteins, and induction of genes encoding high-affinity S transporters (5, 6) . S deprivation also leads to increased accumulation of arylsulfatase (ARS), which releases sulfate anion from esterified organic sulfates, allowing cells to access new sulfur stores (7) . These acclimation responses are thought to prevent photodamage under conditions where the cell has limited capacity for metabolism of S-containing compounds, particularly proteins.
Several Chlamydomonas mutants that do not respond correctly to S deprivation have been identified based on their inability to regulate ARS1 expression. Among these mutants are sac1 and sac3 (in which ''sac'' indicates sulfur acclimation). The sac1 mutant is aberrant in most of the normal responses to S deprivation and dies rapidly under ϪS conditions. It is unable to synthesize ARS, exhibits abnormal S uptake, and does not down-regulate photosynthesis (8) . The SAC1 gene encodes a protein with hydrophobic domains similar to Na ϩ ͞SO 4 2Ϫ ion transporters found in cell membranes of several organisms (8) , but it has not been established whether it functions as an S transporter in Chlamydomonas. Unlike sac1, sac3 exhibits constitutive low-level expression of ARS under normal growth conditions, but, like WT cells, it increases ARS transcription under ϪS conditions. However, sac3 is unable to fully induce the high-affinity S transport system (9). Thus, SAC3 has both positive and negative effects on nuclear gene expression. It has been shown that SAC3 encodes a putative Ser͞Thr kinase related to Snf1p of Saccharomyces cerevisiae (9) ; however, the substrates and͞or activators of Sac3 are undefined.
Although S limitation has been correlated with altered chloroplast functions, little is known of the signals that link perception of S status to the chloroplast. Here, we have studied the chloroplast S stress response in Chlamydomonas, comparing the WT to sac1 and sac3. We provide evidence that chloroplast transcriptional activity decreases rapidly upon S limitation and that this response requires SAC3. Our data further suggest that Sac3 represses chloroplast transcription, at least in part through a proteolytic mechanism requiring phosphorylation activity. We conclude that Sac3 is a response regulator that integrates metabolism across cellular compartments.
Results

Abundance of Several Chloroplast mRNAs Decreases Rapidly Under S
Starvation. Studies in Chlamydomonas have shown that ϪS conditions induce a reduction in the rate of oxygen evolution, which correlates with a decrease in photosystem (PS) II active centers and reduced abundance of proteins of the photosynthetic apparatus (6, 8, 10) . S deprivation was also linked to reduced accumulation of nuclear transcripts encoding proteins involved in PSI, PSII, light-harvesting complex, and photosynthetic electron transport machinery (11) . Given the above observations, it was of interest to investigate whether under S limitation, chloroplast mRNA levels are adjusted as part of a global cellular response.
As a first step, the accumulation of several chloroplast mRNAs was measured under normal and ϪS conditions. To do so, WT cells were grown in S-replete medium, and then the culture was divided into two portions, one with S and one without. Samples were removed at various intervals, and, after 24 h, the starved culture was transferred back to S-containing medium for 2 h. Fig.  1 shows a representative RNA gel blot of the chloroplast genes atpB (encoding the ␤-subunit of ATP synthase), petD and petB (encoding subunit IV and cytochrome b 6 of the cytochrome b 6 ͞f complex, respectively), and tufA (encoding elongation factor Tu). The results showed that although levels of chloroplast RNAs (cpRNAs) remained mainly unchanged under normal conditions, removal of S from the medium resulted in a decrease of 20-90% within 4-8 h and a decrease of 40-60% after 24 h. This decrease was reversible, and transcript abundance recovered to at or above the prestarvation levels after 2 h of S replenishment. This result contrasts with the accumulation of the nuclear ARS1 transcript, which is known to be induced under ϪS conditions (12) . As shown in Fig. 1 , ARS1 mRNA did not accumulate under ϩS conditions but increased rapidly under ϪS conditions, subsequently declining upon the replenishment of S. Thus, under conditions where the accumulation of some transcripts is increasing, several cpRNAs decrease in response to S stress, correlating with reduced photosynthesis.
Sac3 Is Involved in Rapid Repression of Chloroplast Transcription
Activity upon S Starvation. The RNA gel blot data presented above revealed that cpRNA accumulation decreased under ϪS conditions. One way of assessing whether this phenomenon is a specific response to S limitation is to determine whether it is under genetic control. Therefore, cpRNA accumulation was explored after S deprivation in the sac1 and sac3 mutants, whose abnormal responses to S limitation were described above. Because cpRNA abundance decreases in WT cells after 4-8 h (Fig.  1) , we focused on a relatively early part of the starvation response (i.e., the first 12 h). To confirm the S limitation condition, ARS1 mRNA was monitored. Consistent with previous reports, ARS1 was induced upon S deprivation in the WT and sac3 cells but not in sac1 cells (Fig. 2 ). In addition, low expression of ARS1 was detected in sac3 cells when grown in the presence of S (0-h time point), as previously reported.
When cpRNA accumulation was compared between strains, both the WT and sac1 cells exhibited decreases under ϪS conditions. The decrease appeared to be more rapid in sac1 cells, with 50-90% decreases in transcript levels at the earliest time point taken (2 h), contrasting with only minor changes in the WT. More striking was the constant or increasing cpRNA abundance in sac3 cells up to 12 h after starvation, suggesting that SAC3 function is required for depletion of cpRNA. To verify this observation, cpRNA levels were monitored in the same mutant that had been complemented (9) with the WT SAC3 gene (sac3::SAC3). This strain showed a WT pattern of ARS1 induction and decreased cpRNA accumulation under ϪS conditions, confirming the role of SAC3. Thus, chloroplast transcript reduction is SAC3-dependent and perhaps modulated directly or indirectly by SAC1.
Decreased cpRNA levels under ϪS conditions could result from changes in transcription rates and͞or RNA stability. To assess the contribution of transcriptional changes, run-on assays were performed. In these experiments, chloroplast transcription activity was compared at time 0 (ϩS medium) and 8 h after starvation by using WT and sac3 cells permeabilized by freeze͞ thaw cycles, followed by a short incubation in the presence of [␣-
32 P]UTP to extend previously initiated transcripts (13) . RNAs were labeled and extracted identically from both strains in duplicate and then used as probes on DNA dot blots to estimate transcription rates of nine chloroplast genes encoding components of the photosynthesis and gene expression machineries. Fig. 3 shows that after S starvation, radioactive incorporation was reduced into all cpRNAs examined in WT cells, indicating that decreased cpRNA abundance during S limitation results at least in part from reduced transcription activity. In contrast and consistent with the lack of cpRNA reduction under ϪS conditions, no decrease was observed in chloroplast transcription rates for sac3. This finding suggests that the putative Sac3 kinase mediates repression of chloroplast transcription under ϪS conditions. It should be noted, however, that our results do not rule out a contributory role of decreased transcript stability under ϪS conditions, which we have not measured directly. We were able to discount the possibility that reduced cpDNA copy number limits transcription under ϪS conditions, because cpDNA abundance does not change under ϪS conditions in WT cells (S. Yehudai-Resheff and D.B.S., unpublished data).
The Chloroplast S Limitation Response Is Regulated by Phosphorylation. Previous analysis of the sac3 mutant demonstrated that SAC3 has both positive and negative effects on nuclear gene expression. Here, our results indicate that SAC3 can regulate chloroplast transcription. Because SAC3 encodes a putative kinase, it can be envisaged that this regulation takes place by means of activation of the Sac3 kinase under ϪS conditions. As one approach to test this hypothesis, we carried out experiments in the presence of a general kinase inhibitor, 6-dimethylaminopurine (DMAP) (14) , previously used in Chlamydomonas (15) .
When cpRNA accumulation was examined under ϪS conditions, the addition of DMAP was found to prevent or mitigate the decrease in cpRNA levels during S starvation (Fig. 4A) , consistent with the notion that Sac3 kinase activity represses transcription. On the contrary, cpRNA levels decreased 70-90% over 12 h in the control experiment, in which the solvent DMSO was used. To see whether DMAP affected chloroplast transcription activity, run-on assays were performed, and, as shown in Fig. 4B , ϪS conditions resulted in reduced transcription in the DMSO control but not in the presence of DMAP. Together, these results provide in vivo evidence that protein kinase activity is necessary to reduce cpRNA accumulation under ϪS conditions. It was also noted that in the presence of DMAP, ARS1 mRNA levels increased only after 12 h, in contrast to the increase seen after 4 h in the control experiment (Fig. 4A) , suggesting that phosphorylation, although not necessarily mediated by Sac3, also regulates ARS1 derepression under S limitation.
Sac3 May Deactivate and͞or Destabilize the Chloroplast Sigma Factor.
The above data support the concept that Sac3-mediated chloroplast transcriptional repression is stimulated under ϪS conditions. In land plants, chloroplast transcription is carried out by Fig. 3 . Changes in transcription rates for chloroplast-encoded genes in WT cells and sac3 mutants after S deprivation. Cells were grown to midlogarithmic phase in TAP medium, collected, and resuspended in ϪS medium for 8 h. Cells (5 ϫ 10 7 ) were removed at 0 and 8 h after starvation and permeabilized for run-on transcription. All of the 32 P-labeled transcription products were hybridized to DNA dot blots (in duplicate) containing 0.2 g (0.5ϫ) or 0.4 g (1ϫ) of PCR products as shown. pBluescript plasmid DNA was used as a negative control. Dot blots were hybridized, washed, and exposed under identical conditions and visualized by using the Storm scanner. (Fig. 7) . (B) Run-on transcription was performed as described in the legend of Fig. 3 , except DMSO or 3 mM DMAP was added as shown.
two distinct types of RNA polymerase (16) . One is a bacterialtype enzyme whose catalytic subunits are encoded in the chloroplast (plastid-encoded polymerase, PEP), and the other is a phage-type enzyme encoded in the nucleus (nuclear-encoded polymerase, NEP). Chlamydomonas chloroplasts appear to possess only PEP (17) , whose catalytic core consists of ␣-, ␤-, ␤Ј-, and ␤Љ-subunits. PEP additionally requires a sigma factor for promoter recognition, which is encoded by a gene family in land plants (18) but by a single gene in Chlamydomonas. This gene, RPOD, encodes the protein termed Sig1 or CrRpoD (19, 20) . The fact that Chlamydomonas chloroplasts possess PEP but not NEP and that Sig1 apparently acts as the only specificity factor would appear to facilitate global control of chloroplast transcription activity.
Given the above observations, it was reasonable to hypothesize that under ϪS conditions, Sac3 kinase might alter RPOD expression, Sig1 stability, and͞or Sig1 activity. To test the first possibility, RT-PCR analysis was performed to examine the accumulation of mRNAs encoding PEP subunits, including Sig1, after S deprivation. Fig. 5 shows that RPOD mRNA abundance exhibited only small variations both in WT and sac3 cells under these conditions. RT-PCR analysis was also performed for the chloroplast rpoA and rpoB1 genes, which encode the ␣-and ␤-subunits of PEP, respectively. This analysis revealed decreasing abundance of both transcripts in WT but not sac3 cells, an observation that is consistent with the notion that Sac3 mediates general chloroplast transcriptional repression under ϪS conditions. Because chloroplast transcription appeared to be regulated independently of RPOD transcript abundance, it was of interest to determine whether Sig1 might be a target of regulation. To do so, immunoblot analysis was performed by using an anti-peptide antibody that recognizes a single polypeptide in total protein and chloroplast isolates of Ϸ85 kDa, corresponding in size to Sig1 (20) . Fig. 6A shows immunoblot analysis of total protein collected at various intervals after S deprivation, revealing that at 12 h after starvation Sig1 abundance declines to between 20% and 50% of its initial level in WT cells with ␣-tubulin as a reference. The sac3 mutant, however, retained, on average, the initial amount of Sig1 even after 12 h of starvation. Furthermore, as shown in Fig. 6B , addition of DMAP to WT cells, when transferred to ϪS, prevented the decline in Sig1 as compared with the tubulin control. In contrast, Sig1 was reduced upon S limitation in the control experiment, in which DMAP was omitted. These results indicate that increased proteolysis and͞or reduced synthesis of Sig1 occurs after S limitation and that Sac3 may be involved in a signaling cascade targeting Sig1 for degradation.
Discussion
Photosynthetic organisms use different strategies to manage S limitation. Although several aspects of Chlamydomonas S deprivation have been studied (10, 21) , little has been learned of the molecular or genetic links between perception of S limitation and chloroplast responses. The results shown here indicate rapid repression of plastid transcription activity after removal of S from the culture medium and provide evidence that a SAC3-encoded protein kinase is involved in this process. Reduced chloroplast transcription correlated with reduced abundance of Sig1, the single Chlamydomonas PEP sigma factor, a phenomenon that also requires kinase activity. In sum, the present study assigns an unanticipated role for the Sac3 Ser͞Thr kinase in regulating S limitation responses.
Upon S deprivation, the abundance of at least six cpRNAs decreases, with a 40-90% reduction observed, depending on the gene and experiment. Gel blot analysis also showed that the decreased abundance of cpRNA during S limitation requires SAC3 function but that SAC1 has, at most, a minor role. cpRNA levels declined more abruptly for some genes in S-deprived sac1 cells, mirroring what occurs for nucleus-encoded transcripts encoding photosynthesis components (11) . It should be taken into consideration, however, that sac1 is very sensitive to S limitation (8), failing to survive when grown under ϪS conditions in the light. Thus, any conclusions about a specific role of SAC1 in regulating chloroplast transcription should be made with caution. Double mutant analysis suggests that SAC1 and SAC3 act in parallel (22) , which would argue against one regulating the other directly.
Analysis of chloroplast transcription rates under ϪS conditions revealed reduced cpRNA synthesis in WT cells but not in sac3 cells. Because all cpRNAs that were examined showed the same trend, S deprivation appears to globally affect transcrip- Fig. 5 . RT-PCR analysis for genes encoding PEP subunits under ϪS conditions. rpoA and rpoB1 cDNAs were amplified with 30 PCR cycles, and RPOD cDNA was amplified with 35 cycles. Actin mRNA was used as an internal standard, using 30 PCR cycles. tion, consistent with the single type of RNA polymerase found in Chlamydomonas chloroplasts. Plastid transcription activity can also be globally regulated in plants, generally correlating with the developmental state (23) (24) (25) . Although the mechanisms controlling general plastid transcriptional regulation are not well understood, in the case studied here, we have hypothesized that Sac3 kinase activity triggers transcriptional repression. This conclusion is supported by the fact that addition of a general kinase inhibitor prevented repression under ϪS conditions (Fig. 4) .
Sac3-mediated transcriptional repression may have some parallels with PEP regulation in mustard, where in vitro studies identified two forms of PEP, A and B, which could be interconverted by (de)phosphorylation (26). PEP-B occurs in etioplasts and is associated with phosphorylated sigma factor, which is postulated to inhibit its release from the catalytic core. Light triggers dephosphorylation, activating transcription as chloroplasts mature (27) . It was subsequently shown that sigma phosphorylation is carried out by a plastid transcription kinase (PTK) related to the ␣-subunit of nucleocytoplasmic casein kinase 2 (28) . Another example of PEP regulation by phosphorylation is in barley, where in vivo experiments showed that protein kinase and extraplastidic Ser͞Thr phosphatases regulate plastid transcription in response to light (29) .
SAC3 encodes a putative Ser͞Thr kinase of the SnRK2 (SNF1-related kinase 2) subfamily featuring a canonical kinase domain at the N terminus and a C-terminal acidic domain (30) , which may confer specificity. The emerging concept from yeast and plant studies is that members of the SNF1 family protect cells against nutritional and environmental stress (31, 32) . Several SnRK2 family members from Arabidopsis and rice have been identified as stress-activated kinases involved in response to drought and humidity (33, 34) . Evidence from wheat showed that the SnRK2 member PKABA1 is activated by abscisic acid (ABA) and phosphorylates a downstream transcription factor (35) . Similarly, the ABA-responsive transcription factor TRAB1 is activated by SAPK10 (stress-activated protein kinase 10) in rice protoplasts (36) . Another example is AAPK (ABAactivated protein kinase) from Vicia faba, which regulates stomatal closure by targeting an RNA-binding protein (37) . Thus, SnRK2s appear to act both on the transcriptional and posttranscriptional levels. However, so far, no relationship had been established between SnRK2 proteins and chloroplast transcriptional activity.
Targeting prediction programs do not predict a chloroplast localization for Sac3 (data not shown). This indication leads to a model in which Sac3 is activated in the cytosol under ϪS conditions, initiating a cascade of events leading to chloroplast transcriptional repression. How this cascade is transduced to the chloroplast, and whether it involves PTK, is an open question. The Chlamydomonas nuclear genome encodes two PTK homologues (gene models C670029 and C200187), and one could envisage transduction of the Sac3 signal to PTK with subsequent phosphorylation of Sig1. This modification would lead to transcriptional arrest, as in the mustard PEP-based mechanism, and͞or to degradation of Sig1, perhaps stimulated by a limitation of PEP core subunits. Although PTK has not been tested with Sig1, recombinant Sig1 can be phosphorylated in vitro by human casein kinase 2 (CK2) (data not shown), consistent with Sig1 containing multiple consensus CK2 recognition sites (as noted in ref. 19 ). We also note that alternative models for Sac3 function exist, including one where it is phosphorylated under ϩS conditions and dephosphorylated when activated (38) . However, our data are most consistent with activation through phosphorylation.
It was recently proposed that in Chlamydomonas, circadian rhythms of chloroplast transcription are regulated by transcriptional oscillations of RPOD (19) . In contrast, the data presented here show a constant level of RPOD mRNA (Fig. 5 ) but a 60-80% decrease in the Sig1 protein level under ϪS conditions (Fig. 6) . Further analysis showed that Sig1 degradation occurred in a SAC3-dependent manner and required phosphorylation, with the latter conclusion based on prevention of Sig1 disappearance by the addition of DMAP. Regulation by degradation or stabilization of sigma factors is known and perhaps best studied for Escherichia coli RpoS, which is stress-induced. The level of RpoS remains low under normal conditions because of degradation by the ClpXP protease (reviewed in ref. 39) . The degradation pathway depends on RssB, a response regulator that delivers RpoS to ClpXP through a still-undefined mechanism (40) .
The regulatory model proposed here presumes that transcriptional repression under ϪS conditions is at least partly due to destabilization and͞or reduced synthesis of Sig1 triggered by activated Sac3. Whether Sig1 is degraded inside or outside the chloroplast, and whether Sig1 phosphorylation initially represses transcription initiation and then stimulates decay, remains to be established. The decrease in Sig1 activity and͞or abundance might represent an adjustment of the chloroplast transcription apparatus under ϪS conditions, coincident with reduced expression of catalytic component rpo genes, and a general reduction of photosynthetic activity. This regulation highlights the importance of integrating the chloroplast genetically into nutrient stress response.
Materials and Methods
Strains and Culture Conditions. C. reinhardtii WT strain CC-125, the mutant strains sac1 and sac3, and the complemented sac3 strain (are10-12-C1), were grown in nutrient-replete Tris͞ acetate͞phosphate (TAP) medium (41) . For starvation experiments, cells were grown under continuous light at 25°C on a rotary shaker (125 rpm) to midlogarithmic phase (1-5 ϫ 10 6 cells per ml). Cultures were then harvested by centrifugation, washed in sulfate-deficient TAP (TAP-S) (22) , and resuspended in TAP-S. Repletion was achieved by harvesting cells, washing with TAP, and resuspending in TAP medium for 2 h. In some cases, DMAP (dissolved in DMSO) was added to cells transferred to TAP-S to a final concentration of 3 mM, or the same volume of DMSO was added as a control.
RNA Isolation and Gel Blot Analysis. For RNA gel blot analysis, total RNA was isolated by using TRI Reagent (Molecular Research Center, Cincinnati). Five micrograms of RNA was resolved in 1% agarose͞6% formaldehyde gels. Electrophoresis, blotting, and hybridization were performed as described in ref. 42 . The DNA probes were PCR products for atpB, petD, petB, tufA, ARS1, and 25S ribosomal DNA labeled with [␣-32 P]dCTP. The radioactive bands were visualized by using a Storm scanner (Amersham Pharmacia Biosciences). Quantification of bands was performed by using IMAGEQUANT software (Amersham Pharmacia Biotech).
Run-On Transcription in Permeabilized Cells. For run-on transcription assays, WT and sac3 cells were grown in TAP medium, harvested, adjusted to 1 ϫ 10 6 cells per ml, and transferred to TAP-S. Permeabilized cells for the assay were prepared by the freeze͞thaw method (13) , and aliquots were stored at Ϫ80°C until use. Of the pelleted permeabilized cells, 30 l (Ϸ5 ϫ 10 7 cells) were mixed with 15 l of 4ϫ run-on transcription buffer (1 M sucrose͞60 mM MgCl 2 ͞15 mM DTT͞50 mM NaF͞50 mM Hepes, pH 7.5), 2 l of rRNasin RNase inhibitor (Promega), 0.25 mM GTP, 0.5 mM ATP, 0.25 CTP, and 125 Ci (1 Ci ϭ 37 GBq) of [␣-32 P]UTP (43) . The mixture was incubated on ice for 1 min and then at room temperature for 15 min. The reactions were terminated by addition of 10 l of 20% SDS, and radiolabeled RNAs were extracted by using TRI Reagent. Pellets were dissolved in 100 l of H 2 O and used for DNA dot blot hybridization. The DNA probes were PCR products for the chloroplast genes as shown, which were blotted on GeneScreen nylon filters by using the Bio-Dot microfiltration apparatus (Bio-Rad).
RT-PCR Analysis. For RT-PCR, 2.5 g of total RNA was treated with 1 unit of RQI RNase-free DNase I (Promega) for 30 min at 37°C in a total volume of 10 l. Then DNase was inactivated by heating to 65°C for 10 min, and 2-l aliquots were used for 50-l single-tube RT-PCR (Access RT-PCR System; Promega), according to the manufacturer's instructions. The primers used were as follows: for RPOD, 5Ј-ACTACAAGCTGGTCAT-GACGGTGT-3Ј and 5Ј-TTACGTTCAGCGCCTCTCCA-ATCT-3Ј; for rpoA, 5Ј-ATGACAATTTATCCAAATTTA-AAAAAAATC-3Ј and 5Ј-TTAAAATTTTCTTGCATA-TTCAAAAGTAAG-3Ј; for rpoB1, 5Ј-GATAACGTTAATG-TATCCCAAATTGAT-3Ј and 5Ј-TCAACGGGACAAATAC-GACCAT-3Ј; and for actin, 5Ј-AATCGTGCGCGACAT-CAAGGAGAA-3Ј and 5Ј-TTGGCGATCCACATTTGCT-GGAAGGT-3Ј. The first step was reverse transcription at 48°C for 45 min, followed by 30 or 35 PCR cycles. PCR products were sequenced to confirm their identities.
Immunoblot Analysis. For protein extraction, cells were grown as described above. Ten-milliliter samples were pelleted and washed with water, and total proteins were extracted by acetone precipitation. Protein concentration was determined by using Bradford reagent (Bio-Rad), and equivalent masses of protein were resolved in 12% SDS-polyacrylamide gels and transferred to nitrocellulose membranes with a TransBlot semidry cell (Bio-Rad). Immunoblotting was performed by using a peptide antibody directed against Sig1 (kindly provided by David Herrin, University of Texas, Austin) and a monoclonal anti-sea urchin ␣-tubulin antibody (Sigma). The Sig1 antibody was against the peptide LADELERLLGPTTSC, to which a nonencoded terminal cysteine was added for coupling. Secondary antibodies were horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (for Sig1 detection) or HRP-conjugated anti-mouse (for tubulin detection), and enhanced chemiluminescence (Amersham Pharmacia Biotech) was used. Quantification of bands was performed by using IMAGEQUANT software after scanning of x-ray film and importation as TIFF files.
